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ABSTRACT
We report two-dimensional spectroscopic analysis of massive red spiral galaxies (M∗
> 1010.5 M⊙) and compare them to blue spiral and red elliptical galaxies above the same
mass limit based on the public SDSS DR15 MaNGA observations. We find that the
stellar population properties of red spiral galaxies are more similar to those of elliptical
galaxies than to blue spiral galaxies. Red spiral galaxies show a shallow mass-weighted
age profile, and they have higher stellar metallicity and Mgb/〈Fe〉 across the whole
1.5Re as compared to blue spirals, but all these properties are close to those of elliptical
galaxies. One scenario to explain this is that red spirals form as remnants of very
gas-rich major mergers that happened above z∼1.
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1. INTRODUCTION
The global properties of galaxies show bimodality in both optical colors and morphologies, and these
two properties are closely linked to each other: spiral galaxies are mostly blue and elliptical galaxies
appear red (Baldry et al. 2004; Bell et al. 2004; Schawinski et al. 2014). It is generally believed that
a spiral galaxy grows its disk inside-out through a gradual mode by long-standing gas accretion and
moderate star formation rates (Mo et al. 1998; Munoz-Mateos et al. 2007), and a massive elliptical
galaxy is produced through an intense mode in which merging of two spiral galaxies triggers strong
starbursts and transforms morphologies violently (Hopkins et al. 2006). However, the existence of
red passive spiral galaxies, those with spiral morphologies but red colors (little star formation),
poses a challenge to the above popular scenarios (Bundy et al. 2010; Masters et al. 2010). They
could be a special phase during secular evolution in which star formation has already ceased but
morphologies stay intact due to the lack of violent events, such as major mergers (Masters et al.
2010). They could also be products of some other physical processes, e.g., galaxy merging with high
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gas fractions that instead produces spiral galaxies (Springel & Hernquist 2005; Robertson et al. 2006;
Robertson & Bullock 2008; Hopkins et al. 2009; Athanassoula et al. 2016; Sparre & Springel 2017).
Many efforts have been devoted to understanding the origin of red spiral galaxies (e.g., Skibba et al.
2009; Robaina et al. 2012). Existing investigations of red spirals revealed some distinct properties as
compared to normal blue spirals (Bundy et al. 2010; Masters et al. 2010; Tojeiro et al. 2013): their
star formation rates and dust contents are low with old central stellar populations as expected from
their red colors; they reside in all kinds of environments with preference in intermediate local densities;
they have higher fractions of Seyferts and LINERs (Low Ionization Nuclear Emission Regions) and
significantly higher bar fractions; their stellar light distributions are more concentrated. However,
investigations of spectroscopic properties of their stellar populations are limited.
In Guo et al. (2019, submitted, hereafter Paper I), we selected a red massive spiral galaxy sample
from the Sloan Digital Sky Survey Data Release 7 (SDSS DR7) and compared their central and global
properties with those of blue spiral and red elliptical galaxies based on the SDSS fiber spectra and
photometric data. We found that red spirals are more similar to red ellipticals than to blue spirals of
comparable masses in their central stellar populations, stellar mass surface densities and host dark
matter halo masses. These results suggest that the central parts of red spiral galaxies formed at a
similar epoch and timescale to those of red ellipticals. Our Paper I and previous studies from other
groups (Masters et al. 2010; Robaina et al. 2012; Tojeiro et al. 2013) are mainly based on the fiber
spectra from SDSS, which can only sample the bulge component of local red spiral galaxies. It is
essential to extend similar studies to disk components to have a more complete census of their stellar
populations.
In this paper, we explore the two-dimensional spectroscopic data as observed by the survey of the
Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) (Bundy et al. 2015; Drory et al.
2015; Law et al. 2015, 2016; Yan et al. 2016a,b; Blanton et al. 2017; Wake et al. 2017). Such data
enable constraints on the spatial distributions of kinematics and stellar population properties such as
age, metallicity and α-element enhancement, which will provide important clues to the origin of red
spiral galaxies. We adopt a flat ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, H0 = 70 km s
−1Mpc−1.
2. SAMPLE SELECTION AND MANGA DATA
Our sample of massive red spiral galaxies with stellar masses above 1010.5 M⊙ is selected from the
SDSS DR7 (Abazajian et al. 2009), with their dust-corrected u − r color in the red sequence (see
Figure 1 (a)) and spiral features in their morphologies (see Figure 1 (b)). To better understand
their origin, we compare red spirals to blue spirals and red ellipticals above the same mass limit, as
shown in Figure 1 (a). The sample selection is detailed in Paper I. Briefly, galaxies with redshift of
0.02 < z < 0.05 and stellar masses above 1010.5M⊙ were selected from the catalog of Mendel et al.
(2014). The morphological information from the Galaxy Zoo 1 project (Lintott et al. 2011) was
then adopted to divide the sample into spirals and ellipticals. To minimize the impact of the dust
attenuation, spirals with disc inclination angle i > 60 deg were rejected. Then spirals and ellipticals
were separated into blue and red according to their locations in the dust-corrected u− r color versus
stellar mass diagram following similar criteria in Guo et al. (2016) (see Figure 1 (a)). After cross-
matching these galaxies with the data release 15 of the SDSS for the MaNGA (Bundy et al. 2015;
Law et al. 2015; Aguado et al. 2019), we were left with 22 red spirals, along with 50 blue spirals and
164 red ellipticals, plotted in Figure 1 (a). As can be seen from this figure, red spirals and ellipticals
span a wider range in mass than blue spirals towards the high mass end. Considering possible effects
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Figure 1. Selections of samples. (a), massive red spiral galaxies (red symbols) are selected using the
u−r color vs. stellar mass diagram from the SDSS, along with blue spirals (blue symbols) and red ellipticals
(black symbols). The contours show the number density distribution of galaxies in the redshift range of
0.02 < z < 0.05 and absolute z−band magnitude of Mz,Petro < −19.5 in the catalog of Mendel et al. (2014).
The dashed line marked the stellar mass of 1010.5 M⊙. (b), an SDSS false-color image of a red spiral galaxy.
of the mass dependence of the stellar population and kinematic properties, we extracted subsamples
by restricting the stellar masses to the range of 1010.5 − 1011M⊙, which yields 15 red spirals, 49
blue spirals and 139 ellipticals. We will study both the samples with M∗ > 10
10.5M⊙ (referred to
“the main samples”, hereafter) to keep the sample sizes as large as possible and the subsamples
with 1010.5 < M∗ < 10
11M⊙ to minimize the mass dependence effect. Since only one blue spiral
galaxy was removed from the main sample to form the subsample, we do not expect any changes in
their properties. We note that our samples of galaxies are not complete samples but they should be
representative of the respective types of galaxies.
The MaNGA data analysis pipeline (Westfall et al. 2019), which uses pPXF (Cappellari et al. 2004;
Cappellari 2017) and the MIUSCAT (Vazdekis et al. 2012) stellar library, fits the stellar continuum in
each spaxel and produces estimates of the stellar kinematics and lick indices, including Vstar, σstar and
Mgb/〈Fe〉 (=Mgb/(0.5*Fe5270+0.5*Fe5335)) used in this study. The stellar metallicity and stellar
age are taken from the MaNGA Pipe3D value added catalog (Sa´nchez et al. 2016, 2018) included in
the SDSS DR 15. To investigate the formation of the bulk of the stars in galaxies, we use the stellar
mass-weighted ages and metallicities in this work. Median radial profiles of the above quantities will
be used to characterize the properties of each type of galaxies. They are the azimuthally averaged
radial profiles of galaxies within each category. To better understand the properties of the bulge
and disk components for spiral galaxies, we adopt the effective radius of the bulge component as
a measure of the bulge size, which was derived by Sersic+Exponential fitting to the 2D surface
brightness profile of the SDSS r-band image (Fischer et al. 2019). The median bulge sizes for red
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and blue spirals are around1 0.15Re and 0.3Re, respectively, where Re is the effective radius of the
total light distribution.
3. RESULTS
We first examine the kinematics of our three types of galaxies to verify whether the kinematic
estimator of morphologies are consistent with the optical one. Figure 2 (a) shows the median radial
profile of the ratio of rotation velocity to velocity dispersion for blue spiral, red spiral and elliptical
galaxies in the main samples. The red and blue arrows indicate the median bulge size of red spiral and
blue spiral galaxies, respectively. As shown in the figure, red spiral galaxies have similar kinematics to
blue spirals, with dispersion-dominated bulges in the inner regions plus the rotation-dominated disks
in the outer regions. Elliptical galaxies show dispersion-dominated kinematics from the central part
to the outer part. Figure 2 (a) confirms the optical morphological classification that red spirals do
harbor bulges and rotating disks. The results for the subsamples are shown in Figure 2 (b). For both
ellipticals and blue spirals, the Vstar/σstar profiles stay the same as those for the main samples. By
contrast, red spirals show remarkably lower ratios of velocity to velocity dispersion in their disks than
the main sample, which is mainly caused by the decrease in the rotational velocity as we examined,
a result of the Tully-Fisher relation (Tully & Fisher 1977). But they are still consistent with being
systems harboring bulges and rotating disks.
In Figure 3, we present the median radial profiles of the stellar population properties of the three
types of galaxies including stellar ages, metallicities and Mgb/〈Fe〉. Figure 3 (a)-(c) are for the main
samples of galaxies. As shown in Figure 3 (a), red spirals and elliptical galaxies show similar shallow
age profiles out to 1.5 Re, although red spirals are slightly younger than ellipticals. As labeled in
the y-axis of the figure, red spirals formed their bulge and disk components within ∼ 1.5Gyr before
redshift ∼ 1.2 − 1.3, and ellipticals formed within ∼ 1Gyr before redshift ∼ 1.5. In contrast, the
central region (< 0.3 Re) of blue spirals shows a steep mass-weighted age gradient with similar ages
to red spirals and ellipticals at the very center, while their disk components show flat age gradients
but are much younger than red spirals and ellipticals. The above results suggest that red spirals most
likely harbor star formation histories that resemble ellipticals instead of blue spirals. Blue spirals
started to form their bulges at a similar time to red spirals but have an extended star formation
history in the outer parts, which is consistent with a prolonged inside-out formation scenario.
Figure 3 (b) presents the median radial profiles of the stellar metallicities. Red spirals show a
rather flat metallicity profile from the center out to 1.5 Re. Blue spiral galaxies and ellipticals show
similarly steeper metallicity gradients than red spirals, with blue spirals being more metal-poor than
ellipticals. Compared to red spirals, blue spirals are more metal-poor over the entire probed radius,
and the metallicity difference varies from ∼ 0.03 dex to ∼ 0.1 dex. On the other hand, elliptical
galaxies are more metal-rich in the inner region (. 0.5 − 0.6Re) but more metal-poor in the outer
region (& 0.5− 0.6Re) than red spirals.
Figure 3 (c) shows the median radial profiles of Mgb/〈Fe〉. Mgb is used to probe the α elements
(e.g., Worthey et al. 1992; Zheng et al. 2019) that are produced by type II supernova, while Fe is syn-
thesized in type Ia supernova. The α/Fe ratio traces the relative importance of the intense starburst
and the subsequent long-term quiescent star formation (Matteucci & Greggio 1986; Worthey et al.
1992; Thomas et al. 2005). As shown in the figure, the Mgb/〈Fe〉 profile of red spirals breaks into
1 The main samples and the subsamples show slightly different median bulge sizes.
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Figure 2. The median radial profiles of Vstar/σstar for red spiral galaxies (red), blue spiral galaxies
(blue) and red elliptical galaxies (black) in the main samples (a) and in the subsamples (b), with a radial
bin of 0.15 Re. The error bar represents the error of the mean. The downward arrows indicate the median
effective radius of the bulge component for red spirals (red) and blue spirals (blue).
three parts: flat profiles in the inner (. 0.5Re) and outer regions (& 0.8Re), and an intermediate
declining profile connecting the higher log(Mgb/〈Fe〉) values (∼ 0.23) in the inner region and the
lower log(Mgb/〈Fe〉) values (∼ 0.16) in the outer region. In comparison, elliptical galaxies show a
very flat Mgb/〈Fe〉 profile and high log(Mgb/〈Fe〉) values about 0.22. Blue spirals also have a flat
6 Hao et al.
0.0 0.5 1.0 1.5
2
4
6
8
10
12
m
as
s−
w
ei
gh
te
d 
ag
e 
(G
yr)
 0.3
 0.5
 0.7
 1.0
 1.5
 2.0
re
ds
hi
ft
(a)M*/MΟ • > 1010.5
0.0 0.5 1.0 1.5
2
4
6
8
10
12
m
as
s−
w
ei
gh
te
d 
ag
e 
(G
yr)
 0.3
 0.5
 0.7
 1.0
 1.5
 2.0
re
ds
hi
ft
(d)1010.5 < M*/MΟ • < 1011
0.0 0.5 1.0 1.5
−0.4
−0.3
−0.2
−0.1
0.0
0.1
0.2
m
as
s−
w
ei
gh
te
d 
[Z
/H
]
(b)M*/MΟ • > 1010.5
0.0 0.5 1.0 1.5
−0.4
−0.3
−0.2
−0.1
0.0
0.1
0.2
m
as
s−
w
ei
gh
te
d 
[Z
/H
]
(e)1010.5 < M*/MΟ • < 1011
0.0 0.5 1.0 1.5
R/Re
−0.1
0.0
0.1
0.2
0.3
0.4
0.5
lo
g 
(M
gb
/<F
e>
)
(c)M*/MΟ • > 1010.5
0.0 0.5 1.0 1.5
R/Re
−0.1
0.0
0.1
0.2
0.3
0.4
0.5
lo
g 
(M
gb
/<F
e>
)
(f)1010.5 < M*/MΟ • < 1011
Figure 3. The median radial profiles of stellar mass-weighted age (a), stellar mass-weighted
metallicity (b), and log(Mgb/〈Fe〉) (c) for red spiral galaxies (red), blue spiral galaxies (blue) and
red elliptical galaxies (black) in the main samples. The same properties for the subsamples are shown in
(d)-(f). The data points connected by dotted lines show the profiles along the ellipse with position angle
and ellipticity from NASA-Sloan Atlas (Abazajian et al. 2009; Blanton et al. 2011). The bin sizes are 0.15
Re. The error bar represents the error of the mean. The downward arrows indicate the median effective
radius of the bulge component for red spirals (red) and blue spirals (blue).
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Mgb/〈Fe〉 profile but their log(Mgb/〈Fe〉) values are relatively low (∼ 0.12). The higher values of
Mgb/〈Fe〉 for elliptical galaxies suggest a short star formation timescale while the lower values of
Mgb/〈Fe〉 for blue spiral galaxies reflect the contribution of a more prolonged star formation history.
The Mgb/〈Fe〉 values in the bulge and the inner region of the disk of red spiral galaxies are compa-
rable to those of elliptical galaxies, implying similarly short star formation timescales in the inner
region of red spiral galaxies and elliptical galaxies. On the other hand, the intermediate Mgb/〈Fe〉
values in the disk components of red spiral galaxies suggest a star formation timescale between those
of ellipticals and blue spirals.
Similar to Figure 3 (a)-(c), Figure 3 (d)-(f) show the median radial profiles of stellar ages, metal-
licities and Mgb/〈Fe〉 but for the subsamples of galaxies with stellar masses 1010.5 < M∗ < 10
11M⊙.
It is obvious that this further stellar mass cut at the high mass end does not change the results for
ellipticals and blue spirals. Even for red spirals, both the profiles of the stellar ages and metallicities
are similar to the main samples. The only notable change is in the Mgb/〈Fe〉 profile of red spirals
at R . 0.7Re. Red spirals in the subsample show lower Mgb/〈Fe〉 values than those in the main
sample, which suggests that more massive red spirals have higher Mgb/〈Fe〉 and hence shorter star
formation timescales in their inner regions. In spite of this decrease in the Mgb/〈Fe〉 values, they are
still larger than blue spirals. This suggests that the star formation timescales of red spirals are in
between the ellipticals and blue spirals except the most central (bulge) region that shows an identical
Mgb/〈Fe〉 value with the ellipticals. In summary, the subsample of red spirals shows some differ-
ent properties from the main sample in their disk components, but this does not affect the relative
difference between these three types of galaxies.
4. DISCUSSION
The stellar population properties presented in Figure 3 for blue spiral galaxies and elliptical galax-
ies are in good agreement with those shown in the literature (e.g., Gonza´lez Delgado et al. 2015;
Zheng et al. 2017). Blue spiral galaxies have an extended star formation history with their bulge
components formed earlier than their disk components, consistent with the inside-out formation sce-
nario as induced by long-standing gas accretion and associated star formation. Elliptical galaxies
show old stellar ages and enhanced Mgb/〈Fe〉 values, in agreement with the early formation epoch
and short star formation timescales.
While studies of morphologies and kinematics of red spirals indicate that they harbor typical spiral
disks in addition to the central bulges, their stellar populations are instead found to be distinctly
different from blue spirals: red spirals have an older and shallower mass-weighted age profile than
blue spirals, with their disks younger than their bulges by ∼ 1− 2Gyr; they show a more metal-rich
and flatter mass-weighted metallicity profile relative to blue spirals; their Mgb/〈Fe〉 values are in
between ellipticals and blue spirals, being enhanced compared to blue spirals.
The above results suggest that red spiral galaxies are not evolutionary remnants of blue spiral
galaxies. Instead, they are consistent with the remnant of galaxy merging with high gas fractions.
While in general galaxy merging produces elliptical galaxies (Hopkins et al. 2006), theoretical sim-
ulations predicted that merging with high gas fractions (fgas > 0.5 at the time of merger; e.g.,
Robertson et al. 2006) instead produces spiral galaxies (Springel & Hernquist 2005; Robertson et al.
2006; Hopkins et al. 2009; Athanassoula et al. 2016; Sparre & Springel 2017). During such a very gas-
rich major merger, gravitational torques make gas within some characteristic radius lose angular mo-
mentum and fall into the center rapidly, and then form stars in a starburst mode (Hopkins et al. 2009).
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This process leads to the formation of a bulge component with high metallicity and Mgb/〈Fe〉. On the
other hand, gas at sufficiently large radii that cannot fall in efficiently, or gas that cannot efficiently
dissipate or lose the angular momentum will cool quickly and re-form a rotating disk. Subsequently,
the gas in the disk form stars but with much reduced star formation rates (Springel & Hernquist
2005), which will result in a new stellar disk with younger age and lower Mgb/〈Fe〉 than the bulge
formed earlier in the starburst. The disk can still have similar metallicity to the bulge assuming the
galaxy is quenched soon after formation. All these theoretical expectations are in good agreement
with our observational results shown in Figure 3.
Furthermore, we note that very gas-rich major merging events may only happen at relatively high
redshifts (above z ∼1) when the gas content was rich. This condition could be satisfied, as shown
by the old stellar populations of red spirals in Figure 3(a). If the proposed scenario is plausible, red
spirals thus offer a window to understanding the formation of massive spiral galaxies through gas-rich
major mergers instead of the gradual inside-out growth mode.
The most difficult part of the merging scenario is to explain the shutdown of the star formation in
red spirals. The IFU data shown here could not put any constraints on the star formation quenching
mechanisms. But the investigations on the bulge to total stellar mass ratios and the halo masses in
our paper I provide some hints on possible quenching mechanisms. Red spiral galaxies show higher
bulge to total stellar mass ratios than blue spiral galaxies and more than 80% of red spiral galaxies
are hosted by dark matter halos heavier than 1012M⊙, above which halo quenching takes effect. So
morphological quenching (Martig et al. 2009) may be responsible for the cease of the star formation
and the massive dark matter halos may have been preventing gas from cooling and falling onto the
galaxies to form new stars.
5. CONCLUSION
We carried out two-dimensional spectroscopic analysis of massive red spiral galaxies with M∗ >
1010.5 M⊙ out to 1.5Re, and compared them to blue spiral and red elliptical galaxies above the same
mass limit based on the SDSS DR 15 for the MaNGA survey. We found that the stellar population
properties of red spiral galaxies are more similar to those of red elliptical galaxies than to blue spiral
galaxies. They have higher stellar metallicity and Mgb/〈Fe〉 across the whole 1.5Re as compared
to blue spirals, and their stars are old with relatively flat mass-weighted age gradients in contrast
to those of blue spiral galaxies. These results prove that red spiral galaxies are not evolutionary
remnants of blue spiral galaxies. They are possible remnants of gas-rich major mergers above z ∼ 1
instead. Major mergers of disk galaxies with sufficiently high gas content can form a bulge rapidly
in the first place and then form a gas disk. The gas in the disk will form stars subsequently.
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